The reorganization of microtubules in mitosis, meiosis and development requires the microtubule-severing activity of katanin. Katanin is composed of a AAA ATPase subunit and a regulatory subunit. Microtubule severing requires ATP hydrolysis by katanin's conserved AAA ATPase domains. Whereas other AAA ATPases form stable hexamers, we show that wild-type katanin only forms heterodimers and heterotetramers.
3 -tubulins at their ends. However, in contrast to these regulators, MT severing enzymes destabilize MTs by binding along MT lattice sites and generate several new MTs. The MT severing proteins include the closely related AAA ATPases katanin, spastin and fidgetin, which are conserved across protozoa, plants and metazoans (Roll-Mecak and McNally, 2010) . MT severing enzymes carry out essential MT regulatory functions in many cellular settings in which MT functions are involved. During mitosis and meiosis, they activate MT disassembly (Jiang et al., 2017; McNally et al., 2006) . During neuronal development, they are essential to release new MTs after nucleation (Ahmad et al., 1999) , and during cell motility they regulate MT formation in cilia or flagella (Sharma et al., 2007) . Defects in human katanin and spastin lead to neurological disorders such as microlissencephaly (Hu et al., 2014; Mishra-Gorur et al., 2014) or hereditary spastic paraplegia (Hazan et al., 1999) , respectively.
Katanin was first purified from sea urchin eggs and is composed of a catalytic subunit termed p60 and a regulatory subunit termed p80 (McNally and Vale, 1993) . p60 katanin is composed of an N-terminal microtubule-interacting and trafficking (MIT) domain (Iwaya et al., 2010) , followed by a 50-70-residue linker and a highly conserved Cterminal AAA ATPase domain. p80 katanin exists in multiple forms, which either include or exclude a large N-terminal -propeller or WD-40 domain, followed by a core conserved 280-residue helical bundle region termed Conserved p80 (con80) (Jiang et al., 2017) ( Figure 1A ). Both p60 (MIT and AAA domains) and p80 (con80 with or without WD-40) domains are essential for MT severing function. p60 and p80 katanin form a complex through con80-MIT domains, the structure of which reveals a helical assembly 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 which is responsible for binding MTs and recruiting MT regulatory factors to sites of MT lattice deformation (Jiang et al., 2017) . p60 and p80 katanin co-purify from many cell types (McNally and Thomas, 1998; McNally and Vale, 1993) , and p60 and p80 mutants have identical phenotypes in many organisms (Sharma et al., 2007; Srayko et al., 2000) , indicating a complex of p60 and p80 is the relevant physiological complex.
Most AAA ATPases are thought to act as hexameric ring complexes. For example, Nethylmaleimide sensitive fusion (NSF) is greater than 90% hexamer in solution throughout a concentration range of 0.2 to 10 M in ATP (Fleming et al., 1998 ). X-ray or cryo-EM structures of several other wild-type AAA ATPases have revealed open or closed hexameric rings (DeLaBarre and Brunger, 2005; Fletcher et al., 2003; Suno et al., 2006) . In contrast, members of one sub-family of AAA ATPases have been reported to be predominantly monomeric or dimeric in solution. This sub-family includes the MTsevering proteins katanin, spastin and fidgetin, as well as Vps4 and MSP1, which disassemble non-tubulin substrates (Babst et al., 1998; Hartman and Vale, 1999; Roll-Mecak and Vale, 2008; Wohlever et al., 2017) . Each of these ATPases has been reported to form a stable hexamer at low concentration only when ATP hydrolysis is blocked by mutation of a conserved E in the Walker B motif to Q (Babst et al., 1998; Hartman and Vale, 1999; Roll-Mecak and Vale, 2008; Wohlever et al., 2017) and the wild-type version of each has most often been shown to be monomeric in solution (Roll-Mecak and Vale, 2008; Scott et al., 2005; Wohlever et al., 2017) .
5
Here, we reconstitute complexes of full-length p60 with core con80 domains for C. elegans MEI-1/MEI-2 and human KATNAL1/KATNB1. We show that p60-p80 is a heterodimer or heterotetramer with a poor capacity for oligomerization. Crystal structures for katanin's AAA-ATPase reveal a substantial conformational transition for the monomeric AAA-ATPase subunit to form oligomeric assemblies. These data reveal a unique self-regulated conformation in the katanin AAA-ATPase domain that regulates its oligomerization and suggest a model for MT severing involving regulated monomer assembly, followed by ring assembly in the presence of ATP and MTs.
RESULTS:

Catalytically active p60/p80 katanin is predominantly composed of heterodimers or heterotetramers in solution
To examine the oligomerization properties of p60/p80 katanin, we first purified complexes of full-length C. elegans MEI-1 with full-length MEI-2 (termed MEI-1/MEI-2), and full length human KATNAL1 with the con80 domain (residues 411-655) of human KATNB1 (termed KATNAL1/B1-con80) ( Figure 1A , Figure S1A ,B). KATNAL1/B1-con80 complexes were studied using a Superose 6 size exclusion (SEC) column at katanin concentrations ranging from 5 to 50 M in the presence of 1 mM ATP ( Figure 1B ). Two overlapping peaks eluted earlier at higher concentrations, indicating a concentration-dependent increase in Stoke's radius. To test whether this increase in Stoke's radius was due to an increase in mass due to oligomerization of heterodimers, 10-50 M KATNAL1/B1-con80 complexes were analyzed by SEC-MALS (multi angle light   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 6 scattering) in the presence of 1 mM ATP using a Superdex 200 column ( Figure 1C ; Table   1 ). The two peaks of katanin complexes were more clearly resolved using the Superdex-200 SEC column. SEC-MALS measurements indicated a mass for the faster eluting complex that was most consistent with a dimer of heterodimers (heterotetramer) and a mass for the slower eluting complex that was most consistent with a heterodimer ( Figure   1D ). Strikingly, these masses did not change in the range of 10 -50 M katanin (Table   1 ) even though the Stoke's radii increased in this concentration range ( Figure 1B,C) . For wild-type KATNAL1/B1-con80, these masses were identical in the absence (Figure 1D) or in the presence ( Figure 1E ; Table 1 ) of ATP. In the absence of ATP, C. elegans MEI-1/MEI-2 eluted as a single peak with a mass most consistent with a dimer of heterodimers (heterotetramer) ( Figure S1C ; Table 1 ). Previous studies of katanin (Hartman and Vale, 1999; Zehr et al., 2017) and spastin (Roll-Mecak and Vale, 2008) indicated that an E-Q mutation in the Walker B motif stabilized a hexameric assembly only in the presence of ATP. Indeed an E308Q variant of KATNAL1/B1-con80 had a mass most consistent with a heterododecamer or a hexamer of heterodimers only in the presence of ATP ( Figure 1D , E; Table 1 ). In the absence of ATP, KATNAL1 (E308Q)/B1-con80 eluted in two peaks with masses consistent with heterodimers and heterotetramers, similar to wild-type KATNAL1/B1-con80. Strikingly, the Stoke's radius of a KATNAL1 (E308Q)/B1-con80 hexamer of heterodimers (heterododecamer) was nearly identical to that of a wild-type dimer of heterodimers at the same concentration ( Figure 1E ). Previous work estimated the in vivo concentration of katanin at 20-50 nM (McNally and Thomas, 1998) . These results thus indicate that wild-type katanin does not form hexamers at concentrations one thousand times higher than physiological concentrations and suggest that in solution, 7 wild-type katanin is in an autoinhibited state. Furthermore, the E308Q mutation does not affect the katanin autoinhibited state in the absence of ATP.
Crystal structure of katanin's AAA-ATPase in the ADP-bound state reveals a
pseudo-hexameric left-handed spiral assembly
To understand the mechanism for katanin assembly, we aimed to determine the crystal structure of katanin with AMPPNP. Although we crystalized the full length C. elegans p60 katanin in complex with the con80 domain of p80, MEI-1/MEI-2 crystals only contained the AAA ATPase domains and bound ADP molecules. We observed degradation of MIT-Con80 domains during crystallization likely due to sensitivity to proteolysis at the AAA-MIT linker region. Crystals of C. elegans MEI-1/MEI-2 formed in the presence of ADP in the space group P65 and diffracted to 3.1-Å resolution. Phase information was determined by single anomalous dispersion (SAD) using selenomethionine substituted protein (see STAR Methods). The refined 3.1-Å structure includes only part of the AAA-MIT linker region (residues 164-171) and the MEI-1 AAA-domain starting at residue 172 to residue 468 (Figure 2A Figure 2B ). The large domain is composed of a fivestranded -sheet (1-5) forming a parallel sheet sandwiched between nine -helices (2-10). The NBD forms an / Rossman fold that cradles an ADP molecule via Walker A and Walker B motifs (Figure 2E ,F). The HBD is a helical domain composed of a central 8 -helix bound orthogonally by four anti-parallel helices (11-13, 16) with its sensor II motif. Two additional short helices (14-15) were inserted between 13 and 16. This insertion is replaced by the  domain in the Vps4 AAA ATPase (Scott et al., 2005) . The MEI-1 AAA structure reveals two highly conserved katanin expansion AAA-ATPase segments, which we term the N-terminal (1; N-Helix or N-Hlx) and C-terminal (17; C-Helix or C-Hlx) helices, respectively (Figure 2A ,B and Figure S2 ). The N-helix consists of single turn helix bound along one side of the NBD triangle followed by a linker and three-turn helix bound along the opposing edge of the NBD triangle ( Figure   2B ). The C-helix stabilizes the NBD and HBD junction, which are connected by a short loop we term the hinge. The MEI-1 AAA structure reveals the conformation of the AAA subdomains in a pseudo-oligomeric assembly state. In this structure, the protomers are arranged along a pseudo-hexameric staircase-like screw axis with one subunit in the asymmetric unit ( Figure 2C ). The projection of this structure parallel to this crystallographic screw axis reveals a pseudo-hexameric left-handed spiral assembly with a 14-Å translation between two adjacent subunits ( Figure S3A ,B). In this conformation, the NBD and ADP of one AAA subunit is bound by an HBD via the sensor II motif with 1112 Å 2 buried surface per monomer that might reflect the functional contacts of a physiologically relevant oligomer ( Figure 2C ,E, F). The expansion segments (N-Hlx and C-Hlx) line opposite sides of this left-handed katanin spiral.
Crystal structure of katanin's AAA-ATPase in the apo-nucleotide state reveals a monomer.
We determined the structure of human KATNAL1 (E308Q)/B1-con80 which grew in the   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 space group P212121. We also observed degradation of MIT-con80 domains during crystallization similar to MEI-1/MEI-2. We determined the x-ray structure of KATNAL1 (E308Q) AAA ATPase using partial molecular replacement (MR) phases using the NBD domain of the MEI-1 AAA structure, combined with single anomalous dispersion (SAD) phases from a gold-derivative. The refined 2.4-Å x-ray structure reveals a single AAA-ATPase subunit in the asymmetric unit ( Figure 2D ; Figure S3C ; Table 2 ), suggesting that the katanin AAA-ATPase is in a monomeric state, without nucleotide bound in the NBD pocket. In this structure, katanin does not form any typical AAA-ATPase oligomeric interfaces with neighboring AAA subunits ( Figure S3C ). The KATNAL1 (E308Q) AAA structure shows ordered density from residue 184 to residue 490 (1-17 and 1-5)
including the last four residues of C-terminal 17 (C-Hlx) which were absent from the MEI-1 AAA structure ( Figure 2D ; Figure S2 ). The structure shows elements in the nucleotide binding pocket including the Walker A and Walker B motifs in a similar conformation to those in the MEI-1 AAA structure, however, density for any nucleotide is completely absent in this structure ( Figure 2E ,F; Figure S2 ). The absence of any helical arrangement in the crystal is consistent with the SEC-MALS results indicating that KATNAL1 (E308Q) is a monomer in the absence of nucleotide ( Figure 1D ; Table 1 ).
Thus this structure may represent the autoinhibited state of katanin.
Structural comparison of katanin's AAA-ATPase in the ADP and apo-nucleotide states reveal a conformational transition that inhibits oligomerization.
We compared the MEI-1 AAA-ATPase structure in its pseudo-hexameric ADP state to the KATNAL1 (E308Q) AAA structure in its monomeric apo-nucleotide state through 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 superimposing the two structures. The AAA-ATPase structures show a root-mean-square deviation (rmsd) of 1.50 Å (C positions) ( Figure 3A,B) . The comparison reveals the NBD fold becomes decompressed due to conformational changes in the N-helix, C-helix, and a refolding of the HBD domain. In the monomeric structure, the C-helix rotates 3˚, while the second segment of the N-helix rotates 23˚ azimuthally ( Figure 3A,B) . The detailed interactions of N-helix and C-helix to NBD are shown in Figure S5 . The HBD undergoes a significant refolding rearrangement in which sensor II elements are reorganized. In the ADP state, the central helix, 13, in the HBD is flanked by a parallel helix 15 near the tip of the HBD. However in the monomeric structure, the central helix in the HBD (13) lengthens by two turns through refolding, while the parallel helix (originally 15) refolds into two two-turn helices (15 and 14), which are oriented in nearly orthogonal orientations to 13. The HBD (11-13 and 16) rotates 9˚ closer to the NBD. In this conformation, the HBD fold reorganizes and changes orientation leading to clockwise subdomain rotation (15 and 14) ( Figure 3A,B) . The NBD in the monomeric structure shows decompression-like transitions compared to its fold in the pseudo-oligomeric structure, including a 12˚ rotation the 2 3 helix-loop helix elements, and 10˚ 6 rotation. These NBD transitions involve elements mediating NBD-HBD interfaces in the pseudo-oligomeric state.
To find out the difference between ATP and apo-nucleotide states, we built a homology model of KATNAL1 AAA-ATP state structure based on a Vps4 structure in an ATPbound hexameric state (Monroe et al., 2017) . We calculated those helical movements mentioned previously by superimposing the two structures (rmsd 2.36 Å; C positions), 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 revealing that the rotational motions of these helices in the ATP state are amplified into slightly larger motions. The rotation angles are indicated in Figure 3C . These findings suggest that the conformation of katanin is strictly dependent on ATP or ADP binding.
The overlay of the KATNAL1 (E308Q) AAA monomeric x-ray structure onto the MEI-1 AAA spiral assembly reveals that the HBD in the KATNAL1 (E308Q) AAA structure is not compatible with its docked state onto the NBD in the MEI-1 AAA structure. The conformation of the HBD in the monomeric state likely inhibits AAA pseudo-oligomeric assembly by interfering with its NBD interface ( Figure 3D ). The monomeric aponucleotide conformation is also incompatible with the hexameric ring assembly of Vps4 in the substrate-bound state (Monroe et al., 2017) ( Figure S4D ). The rmsd values between KATNAL1(E308Q) AAA and various katanin AAA ATPase ortholog structures are given in Table 3 , revealing that ADP state MEI-1 AAA and apo-state KATNAL1(E308Q) AAA structures are in different conformations ( Figure S4 ). The apo-nucleotide structure of KATNAL1 thus reveals the structural basis for autoinhibition.
Mapping mei-1 mutations onto the full p60 katanin structural model
Using the sequenced mei-1 loci (Clark-Maguire and Mains, 1994), we mapped the locations of these point mutations onto the full-length p60 structure, including both AAA-ATPase and MIT domains. The MIT domain of MEI-1 was modeled based on the recent crystal structure of Mus musculus p60N/p80C katanin complex (Jiang et al., 2017) .
The map of the mei-1 mutations is shown in Figure 4 suggesting that the majority of the residues fall in the NBD. These mutations likely lead to its misfolding, or interference in its ability to bind ATP. Three of these mei-1 mutations (sb3, sb23, ct103) lie at the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 junction of the NBD and HBD subdomains. One Mei1 mutation (ct89) lies in the HBD tip region, which we hypothesize is important for self-regulated monomer to oligomer conformational change. A single mei-1 mutation (ct99) lies in the MIT domain and likely destabilize the MIT structure and interferes with MT binding. Only a single mei-1 mutation (ct48) is exposed on the surface suggesting it may interfere with NBD-NBD assembly as formed in the katanin oligomers.
A model for katanin oligomerization and conformational changes involved in MT severing
We built a monomeric ATP-bound state of the AAA domain of human KATNAL1 using a VPS4 cryo-EM structure (Monroe et al., 2017) as a homology template and a monomeric ADP-bound state using the MEI-1 pseudo-hexameric structure as a homology template ( Figure S6A,B ). Using these monomeric ATP and ADP models, in addition to the autoinhibited apo-nucleotide X-ray structure, we generated three different hexameric structures by docking single subunits onto the Vps4 hexameric ring (Monroe et al., 2017) or the MEI-1 pseudo-hexameric left-handed spiral ( Figure 2C ). Docking all ATP-bound KATNAL1 protomers resulted in a hexameric right handed spiral ( Figure S6C ). This model terminates as a hexameric open ring because the small pitch of the helix does not allow addition of more protomers. This model is thus consistent with the discrete hexameric mass observed by SEC-MALS for KATNAL1(E308Q) in ATP ( Figure 1E ).
Docking three adjacent ATP-bound protomers next to two ADP-bound protomers and an apo-nucleotide protomer resulted in a closed ring structure ( Figure S6D ) similar to that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 observed experimentally by cryo-EM for Vps4 (Monroe et al., 2017) . The conformation of an apo-nucleotide KATNAL1 protomer reduces the size of the gap in the closed ring, thus preventing addition of a seventh protomer at either end. To explain why the pseudohexameric left-handed spiral model of ADP-KATNAL1 does not polymerize continuously in solution, we propose that one end could be capped by an apo-nucleotide protomer ( Figure S6E ). This apo-nucleotide capping leads to symmetry breaking.
Difference between these hexameric conformations result specifically from variability in the HBD conformation ( Figure S6D,E) , which can contact with the NBD of a neighboring katanin leading to a closed hexamer, or remain in an open conformation depending on the nucleotide state of individual protomers. We suggest that sequential ATP hydrolysis and ADP release would propagate around the hexamer resulting in a cycle from right handed spiral, to closed ring, to left handed spiral and finally to dissociation of apo-nucleotide protomers as monomers.
DISCUSSION:
Using our two experimentally determined x-ray structures and three computationally built hexameric homology models ( Figure S6D-F) , we suggest a model for Katanin MT-based oligomerization and MT severing ( Figure 5 ). We suggest that p60-p80 katanin heterodimers have a poor propensity for oligomerization due to the self-inhibited AAA conformation apparent in our KATNAL1 apo-nucleotide structure. Katanin heterodimers would bind along the MT lattice via the MIT-Con80 interface. These katanin p60-p80 heterodimers would diffuse along MT lattices, bind ATP and assemble into right handed open rings ( Figure 5A-B) . A right handed hexameric spiral of ATP-bound MEI-1 AAA 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Figure 5C ). This transition is similar to that proposed for VPS4 (Monroe et al., 2017; Su et al., 2017; Sun et al., 2017) and supported by a flat ring structure of MEI-1 determined by cryo-EM (Zehr et al., 2017) . Upon hydrolysis of the ATPs associated with the remaining three protomers, the flat ring would transition to the left-handed spiral conformation ( Figure 5D ) with five ADP protomers and one apo-nucleotide protomer. In this state, NBD pore loops are repositioned further away from the microtubule leading to a pulling effect on the -tubulin C-terminus away from the microtubule. This might induce the removal of an -tubulin dimer from the MT lattice. Dissociation of ADP would result in a cycle back to monomers ( Figure 5A ). Removal of multiple tubulin 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 dimers through multiple assembly cycles would generate a break in the microtubule. The proposed step-by-step changes in the AAA ATPase hexamers are shown in Figure S7B . Zehr et al. (2017) suggested that the transition of a katanin hexamer from a right-handed open structure to a closed ring structure constitutes the power stroke for pulling a beta tubulin tail from the microtubule lattice. This transition, however, generates only a 15 Å displacement between pore loops. In contrast, the transition from a right handed helix to a left handed helix, as proposed in our model, would move pore loops over thrice this distance (~50-Å). We suggest that this larger displacement is more likely to either denature the beta tubulin subunit or actually pull a tubulin dimer from the lattice.
The self-inhibition of katanin may be an important regulatory feature that prevents severing at inappropriate times and places at the low concentrations in the cytoplasm (estimated to be 20-50 nM). Alternatively, complete dissociation of hexamers into monomers might be an essential part of the microtubule-severing reaction. This is in contrast to other AAA-ATPases, such as Rho, NSF or p97, which are either stable hexamers or include a second AAA domain that stabilizes their oligomeric assembly (Adelman et al., 2006; Banerjee et al., 2016; Zhao et al., 2015) . The structures presented here reveal the structural basis for this barrier to assembly.
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